Recently lead-free ceramic systems have been intensively studied in order to fabricate environmentally friendly piezoelectric ceramics and replace widely used lead-free piezoelectric ceramics. The (K 0:5 Na 0:5 )NbO 3 (KNN) piezoelectric ceramics with non-lead piezoelectric ceramics were manufactured by conventional solid-state synthesis, and we obtained sintered bodies with relative densities over 97.4% by adding excess K (0.44 mol %)/Na (0.22 mol %) to improve sinterability. The composition of the sintered bodies was close to stoichiometric compounds. The electromechanical coupling factor (k p ) and piezoelectric constant (d 33 ) of KNN + excess K (0.44 mol %)/Na (0.22 mol %) composition ceramics showed optimal values of 0.341 and 126 pC/N, respectively.
Introduction
With a better understanding of environmental problems, many kinds of strict regulations concerning environmental preservation are increasing world wide. For example, the European Union established directives concerning waste electrical and electric equipment (WEEE), restrictions on hazardous substances (RoHS), and end-of-life vehicles (ELV) to make regulations on environmental pollutants, which affect global trade barriers. 2) Along with the recent EU environmental regulations, active researches to manufacturing the piezoelectric ceramics without lead have been carried out. 3, 4) Specically, (K 0:5 Na 0:5 )NbO 3 piezoelectric ceramics characterized by high piezoelectricity and high temperature of phase transition are attracting attention as non-lead piezoelectric ceramics. 5) However, since they have serious problems such as high reactivity with water containing K 2 O, the volatilization of K 2 O and Na 2 O during sintering, and difficulty in sintering an elaborate body, studies were carried out by methods such as hot-press, 6) spark-plasma-sintering (SPS), 7) or hydrothermal synthesis 8) rather than conventional solidstate synthesis.
The aims of this study are to improve sinterability and increase piezoelectricity by adding K 2 O as well as Na 2 O in excess in order to offset the volatile mass, and we measured the precise volatile mass of K 2 O and Na 2 O in (K 0:5 Na 0:5 )-NbO 3 ceramics using inductively coupled plasma-emission spectrometry (ICP-ES; PerkinElmer OPTIMA3300DV).
Experimental Procedure
K 2 CO 3 , Na 2 CO 3 , and Nb 2 O 5 of high-purity grade (>99:0% purity) were used as starting materials for (K 0:5 -Na 0:5 )NbO 3 + excess K/Na. The starting materials were prepared after removing absorbed water completely at
200
C for one hour; special care was taken so that K 2 CO 3 did not to absorb water during the manufacturing process. Conventional solid-state synthesis was used to prepare powder and ball-milling was conducted with a high density polyethylene (HDPE) bottle using ethyl alcohol as a solvent. The mixed powders were calcined at 850 C for 5 h in air. These powders, milled with 5 wt % poly(vinyl alcohol) (PVA) aqueous solution, were uni-axially pressed into disks of 10 mm diameter, form with 10 mm diameter, at a pressure of 25 kg/cm 2 and were subsequently sintered at 1070 C for 1 h in air. After polishing, a silver electrode was attached to the sintered sample to test the piezoelectricity. The relative density of prepared samples was measured using the Archimedes principle and X-ray diffraction (XRD). Microstructural and quantitative analyses were conducted by scanning electron microscopy (SEM) and ICP-ES, respectively. A ferroelectric hysteresis loop was measured using a ferroelectric test system (RT6000) which has a maximum applied electrical voltage of 3 kV/mm. To investigate the piezoelectric properties, the resonant and anti-resonant frequencies were measured by an impedance analyzer (Agilent 4294A) according to IEEE standards, and then the electromechanical coupling factor and mechanical quality factor were calculated. The piezoelectric constants were measured by a d 33 meter (APC 8000). The specimens were aged for 24 h prior to measuring. Table I shows the stoichiometric molar ratio of (K 0:5 Na 0:5 )NbO 3 ceramics and ICP-ES results for (K 0:5 Na 0:5 )NbO 3 ceramics sintered at 1070 C. The weight losses of potassium and sodium were confirmed to be 0.7 and 0.3 mol %, respectively. This means that potassium oxide and sodium oxide have melting temperatures below 1070 C, which results in the volatilization of potassium and sodium during annealing. The volatile mass of potassium was approximately 2 times larger than that of sodium according to calculations in terms of mole percent. Based on these results, the excess addition of potassium was determined to be 2 times larger than that of sodium. The excess of potassium was 0.26, 0.44, and 0.62 mol % and the excess of sodium was 0.13, 0.22, and 0.31 mol % in establishing the composition of (K 0:5 Na 0:5 )NbO 3 + excess K/Na ceramics.
Results and Discussion
In previous reports, Jaeger and Egerton 6) used a hot press and Wang et al. 7) used a SPS method to solve the problem of poor sinterability under ambient pressure. As shown in Fig. 1 , the relative density of (K 0:5 Na 0:5 )NbO 3 ceramics prepared with excess K/Na is presented and is compared to the that of (K 0:5 Na 0:5 )NbO 3 ceramics manufactured by hotpress, spark-plasma-sintering, and air sintering. Although the relative density was lower than that of the (K 0:5 Na 0:5 )NbO 3 ceramics manufactured by hot-press and spark-plasmasintering, by controlling the excess of K (0.44 mol %)/ Na (0.22 mol %), and (K 0:5 Na 0:5 )NbO 3 ceramic with a high relative density of 97.4% was fabricated by conventional airsintering. Figure 2 presents the microstructures of (K 0:5 Na 0:5 )NbO 3 ceramics with excess K/Na. The photographs show that the grain size in Fig. 2(b) is larger than those in (a) and (c). The grain size in Fig. 2(b) is larger than that in Fig. 2(a) because the excess K/Na forms a stoichiometric compound and the grains grow abnormally by diffusion and coarsening behavior. 9, 10) As shown in Fig. 2(c) , almost a liquid phase remains in the grain boundaries, the excess K/Na ions that produce a stoichiometric compound and exist in grain boundary make the grain boundary thick and limit grain growth. The sintering mechanism is assumed to be controlled by solution-diffusionprecipitation through transient liquid phase sintering. 9, 11, 12) Figure 3 shows the XRD patterns of specimens with excess K/Na and sintered at 1070
C. There is a perovskite single phase without a second phase formed by the excess potassium and sodium and all specimens showed an orthorhombic phase. In this figure, peaks at (200), (220), (400), (420), (224), and (404) spectra are observed at diffraction angles from 20 to 70
, and there is very weak (222) orientation of the crystal face in K 0:5 Na 0:5 NbO 3 ceramics with excess K/Na. ICP-ES analysis of the sintered sample was carried out because the sample was believed to control the volatile mass of K/Na and consequently have few pores and be close in composition to stoichiometric compounds. As shown in Fig. 4 , the results of ICP-ES analysis demonstrate that the composition with excess K (0.44 mol %)/Na (0.22 mol %) was close to a stoichiometric compound.
The volatile mass of excess K (0.26 -0.62 mol %)/ Na (0.13 -0.31 mol %) was generally found to be smaller than that of KNN, because excess K/Na prevented K/Na in the original composition from volatilizing. Figure 5 shows the P-E hysteresis loop of the (K 0:5 -Na 0:5 )NbO 3 + excess K/Na ceramic after the poling treatment. As shown in Fig. 5 , the result of P-E hysteresis loop measurement demonstrated that the composition with excess K (0.44 mol %)/Na (0.22 mol %) mol % had the highest value of remanent polarization. Under the present measurement conditions, the coercive electric field (E c ) and remanent polarization (P r ) are determined to be 8.53 kV/ cm and 33.58 mC/cm 2 , respectively. Figure 6 shows the permittivity of KNN ceramics with excess K (0.44 mol %)/Na (0.22 mol %) as a function of temperature. As shown in this figure, the phase transition temperature from orthorhombic to tetragonal structure was 230 C and the curie point temperature (T c ) for the transformation from tetragonal to cubic structure was 425 C. This fact is a similar to the results for KNN ceramics reported by Shirane et al.
13) It was confined that no phase transition occurs in KNN by adding excess potassium and sodium. Table II presents the piezoelectric properties due to the addition of excess K/N. The quality factor (Q m ), permittivity (" r ), and piezoelectric constant (d 33 ) in the presence of excess K/Na were higher than those of KNN ceramics without excess K/Na; however, the piezoelectric coupling constant (k p ) was decreased by the addition of excess K/Na. The piezoelectric coupling constant (k p ), quality factor (Q m ), permittivity (" r ), and piezoelectric constant (d 33 ) of KNN ceramics with excess K (0.44 mol %)/Na (0.22 mol %) were approximately 0.341, 116, 361, and 126 pC/N, respectively.
Conclusions
In this study, KNN piezoelectric ceramics, which are under active study along with non-lead piezoelectric ceramics, were manufactured by conventional solid-state synthesis along with sintered bodies whose relative density was over 97.4% by adding excess K/Na to improve sinterability and to achieve compositions close to stoichiometric compounds. While the piezoelectricity of KNN ceramics with improved sinterability had been thought to be higher than that of (K 0:5 Na 0:5 )NbO 3 ceramics, it was shown to be lower. Table II . Physical properties of the specimen as a function of excess K/Na.
Material
Relative density (%) 
